This study was carried out to evaluate the effect of a multi-carbohydrase complex (MCC) rich in xylanase (Xyl) and arabinofuranosidase (Abf) on overall broiler feed digestibility in broilers. Energy utilization and digestibility of dry matter (DM), organic matter (OM), protein, starch, fat, and insoluble and soluble fibers were measured using the massbalance method. The experiment was carried out on 120 broilers (3-week-old chickens). Broilers were distributed over 8 treatments to evaluate the effect of the dietary arabinoxylan content and nutrient density with and without MCC (Rovabio R Advance). The graded content of arabinoxylan (AX) was obtained using different raw materials (wheat, rye, barley, and dried distillers' wheat). Diet-energy density was modified with added fat. Measurements indicated that nutrient density and AX content had a significant effect on most digestibility parameters. Apparent metabolizable energy (AME) was significantly increased (265 kcal kg-1) by MCC. The addition of MCC also resulted in significant improvement in the digestibility of all evaluated nutrients, with average improvements of 3.0, 3.3, 3.2, 3.0, 6.2, 2.9, 5.8, and 3.8% units for DM, OM, protein, starch, fat, insoluble and soluble fibers, and energy utilization, respectively. The interaction between MCC and diet composition was significant for the digestibility of OM, fat, protein, and energy. Nutrient digestibility and diet AME were negatively correlated with AX content (P < 0.001). However, the addition of MCC resulted in a reduction of this negative effect (P < 0.001). The AME of diets with and without the addition of MCC were successfully predicted by the diet digestible nutrient (i.e., starch, protein, fat, insoluble and soluble fibers) content with and without MCC (R 2 = 0.87; RSD = 78 kcal kg-1). This study confirms that the presence of AX in wheat-based diets and wheat-based diets with other cereals and cereal byproducts reduces nutrient digestibility in broiler chickens. Furthermore, the dietary addition of MCC, which is rich in Xyn and Abf, reduced deleterious effect of fiber and improved overall nutrient digestibility in broiler diets.
INTRODUCTION
Cereals are an important source of energy in poultry diets. However, they are also rich in anti-nutritional factors such as non-starch polysaccharides (NSP) with content ranging from 8.3 to 9.8% (Slominski et al., 2000) . Arabinoxylan chains (AX) are the main NSP in wheat and corn, reaching up to 7.3 and 4.7% dry matter (DM), respectively (Bach Knudsen, 2014) . NSP-degrading carbohydrases, particularly xylanases (Xyn), have long been used in wheat-based diets for poultry (Bedford and Classen, 1992) . Indeed, endoxylanases help degrade AX by hydrolyzing the xylan C 2017 Poultry Science Association Inc. Received October 11, 2016 . Accepted March 17, 2017 Corresponding author: Pierre.Cozannet@adisseo.com backbone. However, multiple arabinose substitutions reduce the efficiency of Xyn, especially in corn and associated by-products (Bach Knudsen, 2014) . Arabinofuranosidases (Abf) can cleave arabinose from the xylose backbone and offer access to endo-xylanase activity (De la Mare et al., 2013; Cozannet et al. 2016 in press). Consequently, enriching a preparation with debranching enzymes represents an efficient way to increase the overall enzyme effect. Although the digestion of hydrolyzed AX does not release a high amount of energy, it offers higher accessibility to the nutrients, which explains a large part of the observed digestibility improvement and mitigation of negative effects of NSP (Slominski et al., 2000; Wiseman, 2000; McCracken et al., 2002) .
The present study aimed to determine the effect of a feed-additive enzyme (next-generation multicarbohydrase complex: MCC), rich in Xyn and Abf, on the digestibility of feed nutrients (e.g., starch, fibers, 2743 protein, and fat) in commercial broilers in relation to dietary energy and AX content.
MATERIALS AND METHODS
The experiment was carried out at the Center for Expertise and Research in Nutrition of Adisseo France S.A.S. (Malicorne, France; agreement n
• F 03 159 4 delivered by French authorities).
Experimental Design
Before the experiment, 150 male broiler chickens (Ross PM3, Aviagen Group, Newbridge Midlothian, UK) were fed a corn-, wheat-, and soybean-meal-based diet as crumbles (1.5 mm) from 0 to 5 d of age and then as pellets (2.5 mm) from 6 to 12 d. After d 12 and a 4-h fasting period, 120 broilers were selected according to their body weight (BW) and distributed in individual cages in weight-based blocks (15 blocks with 8 cages each) in an environmentally controlled room (26
• C, 14-h daily photoperiod). The cages, measuring 250 mm W, 500 mm L, and 500 mm H, were suitable for digestibility trials and were used in 2 × 2 × 2 factorial arrangement of treatments; that is, there were 2 types of diets, 2 nutrient densities, and with or without MCC in a completely randomized block design and 15 replicates per treatment. Broilers weighing in the range of 294 ± 38 g were selected; the average initial BW was kept similar (P > 0.10) across treatments. The experimental period was divided in 2 phases: a 7-d adaptation to experimental diets and a 3-d collection of total excreta. During these phases, the broilers had free access to water through nipple drinkers and received experimental diets ad libitum. Both the broilers and their feeds were weighed (after a 16-h fasting period) at the beginning and end of each experimental phase. During the excreta-collection period, feed refusals and spillages were collected daily and analyzed for DM content. Excreta was collected daily from the trays placed under each cage, pooled, and stored at −18
• C. At the end of the collection period, the excreta were weighed, freezedried, and weighed again. The freeze-dried excreta were ground after a 24-h water-recovery period. The recovery period was used to establish equilibrium between excreta and room humidity. Ground excreta were subsequently homogenized prior subsampling for analysis.
Dietary Treatments
The diets were designed to meet or exceed the primary breeder-nutrient recommendations. Two types of diets were formulated based on wheat and soybean meal: on one hand, a standard diet with only wheat as cereal and soybean meal as protein source, and on the other, a complex diet that included rye, barley, sunflower meal, and rapeseed meal. The diet energy density was changed using graded inclusion of soybean oil to ob- tain 2 different levels (low and high). The experimental diet compositions and calculated nutrient contents are shown in Table 1 . To ensure a homogenous distribution of raw material particles in feeds, all ingredients were individually ground using a hammer mill through a 2.5-mm screen prior to preparation.
Multi-Carbohydrase Complex
A next-generation MCC in liquid form containing enzymes produced by fermentation of Talaromyces versatilis was evaluated (Rovabio R Advance, Adisseo France S.A.S., Antony, France). The MCC-producing strain was genetically modified via self-cloning to enrich the product in Xyn (+14%) and Abf (+65%), with the aim of enhancing its efficacy in breaking down highly substituted AX (Lafond et al., 2011; De la Mare et al., 2013) . The MCC was sprayed over the pelleted feed to provide a minimum of 1,250 visco-units of endo-β-1,4-xylanase, 9,250 visco-units of α-L-arabinofuranosidase, and 860 visco-units of endo-1,3(4)-β-glucanase. One visco-unit of endo-1, 4-β-xylanase or endo-1, 3(4)-β-glucanase activity is defined as the amount of enzyme that hydrolyzed by the substrate (wheat AX and barley β-glucan, respectively); one such unit reduces the solution's viscosity, resulting in a change in relative fluidity of 1 arbitrary unit per min per mL (or per g) under the conditions of the assay (pH 5.5 and 30
• C). Units of Abf refer to the amount of enzyme that releases 1 nmol of arabinose per min from the hydrolysis of wheat AX in defined assay conditions (pH 4, 50
• C). Arabinose was quantified using high-performance anion-exchange chromatography with amperometric detection. The evaluation was performed as described in Sakamoto et al. (2011) .
Analysis of Raw Materials, Feeds, and Excreta
Feed ingredients were evaluated using a near-infrared spectroscopy system (NIRS) and proximal analysis before formulating the experimental feeds to ensure their maximum accuracy in terms of nutrient content. The NIRs spectrometer (Foss NIR Systems 5000, Foss Electric, York, U.K.) was calibrated with prediction equations for AME and digestible amino-acid content.
Experimental diets and excreta were analyzed for their DM and gross energy (GE) content using a standardized methodology (AOAC, 1990) . Each sample's contents were measured for moisture, ash, Dumas crude protein (CP; NF V18-100), Weende crude fiber (CF; NF V03-040), and petroleum-ether-extracted crude fat (CF; NF V18-117). GE was measured using an adiabatic-bomb calorimeter (IKA, Staufen, Germany). Insoluble fiber (Insol.Fb) and soluble fiber (Sol.Fb) were measured according to standard AOAC methods 993-19 and 991-42. NSP, arabinose, and xylose were measured by applying the modified low-molecularweight sugars method, as described by Bach Knudsen and Li (1991) . Calcium (Ca) and phosphorus (P) were analyzed by inductively coupled plasma spectroscopy (Method 985.01; AOAC, 2007) .
Calculations
Apparent metabolizable energy (AME) corresponds to the difference between the amount of ingested GE and the amount of excreted energy. These energy values were also corrected for zero nitrogen (N) retention. Nitrogen retention was estimated based on nitrogen analyses performed on the feed and excreta. Nitrogen balance was the difference between total N intake and total N excreted in the same period. For AME correction, uricacid N was considered the major form of excreted N, and it was assumed to contain 8.7 kcal kg −1 of gross energy. Standardized zero N retention AME (AME n ) values were then calculated as:
Where Q ing is the feed intake (in g of DM) during the experimental period; Q exc is the amount of collected excreta (in g of DM) during the same experimental period; N f eed is the concentration (in g kg −1 of DM) of N in the ingested feed; and N exc is the concentration (in g kg −1 of DM) of N in the collected excreta. The ratio between AME and GE (i.e., energy utilization) was calculated for each measurement and for AME as well as AME n . Digestibility of nutrients, including DM, was estimated by considering the intake-to-excreted ratio during the balance period. The following formula was applied for the calculation of digestibility of the nutrient "z" as an example:
Where Q ing is the feed intake (in g of DM) during the experimental period; Q exc is the amount of collected excreta (in g of DM) during the same experimental period; z f eed is the concentration (in g kg −1 of DM) of nutrient ingested; and z exc is the concentration (in g kg −1 of DM) of nutrient in the collected excreta.
Statistical Analysis
Data (n = 120) were subjected to an analysis of variance (ANOVA) with main effects of diet composition (standard vs. complex; n = 2; DC), energy density (low vs. high; n = 2; ND), MCC addition (without vs. with; n = 2), and the weight blocks (n = 8). Variance analysis (ANOVA) also considered the complete factorial interactions among MCC addition, DC, and energy density using the General Linear Models (GLM) procedure of SAS/STAT (SAS Institute Inc., 1996) . The means were compared using Fisher's protected least significant difference test (P ≤ 0.05) only if the overall F test was significant (P ≤ 0.05). Linear correlations among the diet nutrient contents, digestibility, and AME n were evaluated using CORR and REG procedures in SAS/STAT. Linear regression equations predicted theses parameters were presented, with the diet nutrients. Significant equations with the lowest residual standard deviations (RSD) were also presented.
RESULTS
Recovery of the activity of the added enzymes were above the minimum value of 1,250 visco-units of endo-β-1,4-xylanase in all diets, confirming the presence of added MCC to the experimental diet. The compositions of NSP and AX in the experimental diets are presented in Table 2 . On average, the complex diets contained 25% more NSP and 16% more AX than the standard diets. Nonetheless, the AX ratio was quite similar for all 4 diets (between 0.71 and 0.75). Regardless of feed composition, the total AX content represented 35% of the total NSP content. Most AX is present in the insoluble fraction (75 to 80%). The effect of diet composition and MCC on growth performance, nutrient digestibility, and energy utilization are presented in Tables 3 and 4 . Significant differences in FI, BW, and feed conversion ratio (FCR) were observed for the entire experimental period (P < 0.05). Feed intake was negatively related to diet nutrient density (P < 0.001) and had no effect on final BW. Conversely, the feed ingredients used had no significant effect on feed intake (P = 0.708), whereas birds fed the standard diet were 44 g heavier than those fed the complex diet (P < 0.0001). Consequently, diet density and raw material used affected FCR (P < 0.001). Enzyme supplementation reduced overall FI (−30 g; P < 0.0001) and improved FCR (−0.06; P < 0.0001).
Enzyme supplementation significantly improved the digestibility of all nutrients tested here (P < 0.01). The average improvement was 3.9 percent units for all nutrients. The individual improvement rates were for 3.0, 3.3, 3.2, 3.0, 6.2, 2.9, 5.8, and 3.8% units for DM, OM, CP, starch, CF, Insol.Fb, Sol.Fb, and GE, respectively. Similarly, phosphorus digestibility in the present study was observed to improve by 4% (P = 0.009). The DC also had a significant effect on all nutrient digestibility, except starch. Energy density did not result in changes in digestibility on any nutrient (P > 0.313) except DM, Sol.Fb and Insol.Fb. For the digestibility of OM, CP, and CF, the MCC effect varied (P < 0.05) as function of DC. The improvement rates in percent units were 2.3 and 5.9 for OM, 2.4 and 5.9 for CP, and 2.0 and 6.9 for CF, for standard and complex diets, respectively. These changes in nutrient digestibility led to changes in AME:GE and AME n :GE ratios that were affected by DC, MCC addition, and their interaction. Improvement rates in GE digestibility ranged from 1.0 percent 2 Enzymes produced by fermentation of Talaromyces versatilis was evaluated (Rovabio R Advance, Adisseo France S.A.S., Antony, France). The MCC was sprayed over the pelleted feed to provide a minimum of 1,250 visco-units of endo-β-1,4-xylanase, 9,250 visco-units of α-Larabinofuranosidase and 860 visco-units of endo-1,3(4)-β-glucanase.
3 Apparent metabolizable energy (AME); AME adjusted for zero nitrogen balance (AME n ); gross energy (GE). 4 Apparent metabolizable energy (AME); AME adjusted for zero nitrogen balance (AME n ); gross energy (GE). units for the high-nutrient-density standard diet and 5.5% units for the low-nutrient-density complex diet (Table 3) . Similarly, AME and AMEn were affected by DC, diet energy density, MCC addition, and interaction of DC and MCC addition. The diet AME ranged from 3,231 kcal kg −1 for high-nutrient-density standard diet with the MCC to 2,710 kcal kg −1 for the low-nutrientdensity complex diet without MCC. The improvements in AME associated with the addition of MCC ranged from 47 kcal kg −1 for the high-nutrient-density standard diet to 240 kcal kg −1 for the low-nutrient-density complex diet. Similar ranges were observed for the AMEn values.
Significant correlations were obtained for nutrient digestibility indicating that AMEn/GE is strongly correlated with DM, OM, Insol.Fb, CP, and CF digestibility (Table 5 ). Regression equations between OM, CP, CF digestibility, AME, AME n , and AX composition indicate that the parameters depend on arabinose and xylose content ( Table 6 ), given that their contents reduced the digestibility of diets without the addition of MCC. Nutrient digestibility and AME content of the diet were significantly related to the content of soluble or insoluble NSP. Tables 5 and 6 present the relationship between diet specification, nutrient digestibility, and metabolizable energy content. The most important parameter affecting digestibility and energy content was AX content. The amount of AX was negatively correlated with digestibility of the control diet. The correlation coefficient ranged from −0.88 to 0.96 for CP and for CF control digestibility, respectively (data not shown). Only starch control digestibility was poorly affected by AX content −0.08. Consequently, both AX and MCC content provided adequate explanation of variability in OM, CP, and CF digestibility with a coefficient of determination Table 6 . Prediction equations for the digestibility of organic matter (OM dig ), crude protein (CP dig ), crude fat (CF dig ), apparent metabolizable energy (AME), and AME corrected for zero nitrogen balance (AME n ) in relation with the arabinoxylan (AX) content considering the addition or lack thereof of a multi carbohydrase complex (MCC), as well as for AME and AME n in relation to the digestibility of nutrients, including starch (Starch dig ), insoluble fiber (Insol.Fb dig ), and soluble fiber (Sol.Fb dig ) (n = 120). The relationship between arabinoxylan content and measured apparent metabolizable energy (AME), without ( ) or with ( ) the addition of a multi carbohydrase complex to feeds. ranging from 0.45 to 0.71 for CF, CP and OM, respectively (Table 6 ). Figure 1 shows the relationship between AX content and measured AME, with or without MCC in feeds. The AME and AME n of diets could be accurately predicted based on the amount of digestible nutrients for observation with and without MCC, as suggested by the equations presented in Table 6 (R 2 = 0.86 and 0.87, respectively; RSD = 76 and 78 kcal kg −1 , respectively). Per these equations, AME appeared largely to be obtained from starch, CF, and CP (35.1, 32.7, and 25.8%, respectively) . Insol. and Sol.Fb did not significantly contribute to AME (2.9 and 3.5%, respectively). Similarly, the overall improvement of AME resulting from the addition of MCC averaged 168 kcal kg −1 . Our results show that 24.2, 2.1, 4.6, 47.0, and 22.2% of this AME improvement came from the improved digestibility of starch, Insol.Fb, Sol.Fb, CF, and CP, respectively.
DISCUSSION
The conspicuous advantages of energy increases in least cost formulation have been realized by nutritionists who have used NSP-degrading enzymes for many years. Dietary energy, however, is not a nutrient, for it is a composite of carbohydrates, amino acids, and fatty acids. Hence, exogenous enzymes remove the nutrient encapsulating effect of NSP in broiler diets (Van Campenhout, 2007) , thereby improving nutrient access for endogenous enzymes and enhancing overall feed digestibility . In this study, the addition of MCC improved the nutrient digestibility of main nutrients (i.e., starch, fat, and CP). As a result, the AME and AMEn content of the diets also improved via GE from digestible nutrients. Our results show that 24.2, 2.1, 4.6, 47.0, and 22.2% of this AME improvement originated from the improved digestibility of starch, Insol.Fb, Sol.Fb, CF, and CP, respectively. The evaluated MCC does not contain a significant amount of amylase, lipase, or protease, though it did exhibit a wide range of carbohydrases (Karboune et al., 2008 (Karboune et al., , 2009 and was further enhanced in Abf and Xyl activities (De la Mare et al., 2013) . It is thus clear that the enhanced nutrient availability observed here is related to the increased accessibility of the nutrients to the endogenous proteolytic, amylolytic, and lipolytic enzymes. It might therefore affect the use of added enzymes in feed formulation and the way to reformulate diet with such additives. In the present study, it is demonstrated that AME contribution from the degradation residues of soluble or insoluble NSP (6.4% of AME improvement) is negligible. Starch, CP, and CF accounted for 69.2% of the increase in AME content.
The overall MCC effect depends on dietary ingredient composition and density. The increase in AME n observed in the enzyme-supplemented diets in the present study varied from 1 to 9% in 3-wk-old broiler chickens. This effect was highly correlated with the substrate content of the diet. To highlight the negative effect of AX content on nutrient availability and to affect the potential benefit of MCC addition, the dietary content of AX was modified with the graded inclusion of NSP-rich cereals (i.e., rye, barley). The total NSP of the cereals used in the diets represented 10.6% of the DM, with the AX accounting for 70% of total NSP. The AX content is located in the thin and unlignified cell walls of the endosperm (Bach Knudsen, 1997) . The proportion and profile of NSP in raw materials are relatively specific to the raw material. Selection of raw materials and correlation between arabinose and xylose content did not allow the evaluation of the importance of branching in the degradation of AX. Therefore, all diets tested had a very similar AX ratio, and equations and demonstrations were realized using total AX as an explanatory variable.
As expected, with increasing dietary AX content, the digestibility of nutrients and energy decreased. To counterbalance the negative effects of AX and fibers, Nortey et al. (2008) suggested increasing digestibility with exogenous enzymes in swine diets. In the present study, the inclusion of wheat DDGS was fully compensated by the addition of Xyn in the MCC. Many studies have demonstrated that the addition of MCC to poultry diets is effective in improving the degradation of NSP (Kocher et al., 2000; . The addition of appropriate enzymes for the degradation of AX can improve the nutritive value of wheat-based diets, resulting in better performance of broilers (Choct et al., 1995) . Xylanase activity is derived from 5 different xylanases (four from family GH11 and one from GH10) working in synergistic action with four different Abf (one from the GH54 family and three from GH62). These enzymatic populations are also rich in present MCC, exhibiting three more GH11 Xyl and an additional Abf from families GH51 and GH43. Such diversity benefits from each enzyme's mechanism of action in terms of substrates that can be degraded. In the present study, the increase of AMEn by MCC is positively related with the AX content in the diets. Similarly, energy utilization, digestibility of fat and protein were further improved by adding MCC to diets with high levels of AX. These results match with previous results that suggested the linear reduction of digestibility in fat (Mujahid et al., 2003) and protein (Smits et al., 1997) with dietary fiber inclusion. Thus, NSP degradation resulted in improved digestibility of other nutrients. In contrast, starch digestion was high regardless of diet composition. However, the addition of MCC significantly increased starch digestibility without interaction with AX content. In the present study, diet type or starch origin are the primary factors affecting starch digestibility and were more important than dietary AX content. The relationship between starch chemical structure and its digestibility for broiler chickens has been previously established (Carré et al., 2002; Svihus, 2011) . Although 3 distinct populations of starch (from wheat, rye, and barley) were included in the present study, they differed in several factors such as amylose and amylopectin content, granule size, and content, which are known as sources of variation of starch digestibility (Svihus et al., 2005; Tester et al., 2006; Singh et al., 2010) . The effect of MCC required further analysis as the enzyme product does not contain significant amylase activities. Therefore, MCC effect on starch release might be cereal dependent. Hence, the effect would be cereal specific, rather than AX dependent. Overall, MCC addition increased starch digestibility by 3.5% regardless of diet type and density.
In this study, the dietary addition of MCC counteracted the negative impact of NSP on energy and nutrient digestibility. Within NSP, AX appears to be the most important factor explaining digestibility impairment. MCC with rich Xyn and Abf activities is effective in alleviating this negative effect on nutrient digestibility, thereby improving the feed value of the diet for broiler chickens. This improved feed value is clearly explained by the improved digestibility of all main dietary component: starch, protein, and fat. Further information is still needed to complete our understanding of the MCC feed-enzyme mechanism, particularly via an investigation of the effect of the AX ratio. In the present experiment, diet formulation did not permit any evaluation of Xyn and Abf effect. Valuing enzymes that have the capacity to more efficiently degrade complex AX chains would challenge feed reformulation to take into account all potential benefits, including all nutrient digestibility.
